Inhibitor concentration. In all cases, reversibility correlated with the extent 10 which viability was retained, suggesting that loss of reversibility was due to cell death. These results suggest that, after a low-pH episode in dental plaque, caused by fermentation of dietary carbohydrate, the ability of plaque organisms 1o produce acid in subsequent exposures to carbohydrate may be reduced.
Introduction
In dental caries, tooth mineral is dissolved by acids formed by breakdown of dietary carbohydrate by the bacteria of dental plaque, especially streptococci. When fermentable carbohydrate is limited, the main end-products of streptococcal metabolism are acetic acid, formic acid and ethanol whereas lactic acid is the main acid product under carbon excess [I] . All of these end-products are present in plaque in vivo both in the starved state and following exposure to sucrose [2, 3] .
A previous study of three species of oral streptococci [4] suggested that undissociated lactic and acetic acids inhibit acid production competitively and competitively respectively.
Increased H * concentration (reduced pH) alone caused non-competitive inhibition. End-product inhibition could thus be an important factor in regulating plaque acidogenicity. In that study the nature of the inhibition was deduced from the effects of single acid concentration on the Michaelis-Menten parameters K, and V,,,,, . The aim of the present work was to investigate inhibition in the species most important in dental caries (Srrepro-COCCUS mutans) in greater detail. using various inhibitor concentrations to allow calculation of inhibition constants.
Two important aspects of end-product inhibition of glycolysis, not dealt with previously [4] , are also considered, namely: reversibility and the effect of inhibition on viability. In vivo, a series of low pH episodes is experienced each day by the tooth surface as plaque ferments sugars ingested with the food. The pH fall and thus the severity of the cariogenic challenge may well be influenced by whether previous low-pH episodes result in decreased viability or acid-production capacity of plaque bacteria.
Materials and methods

I. Bacterial growth and preparation
Batch cultures of Streptococcus mutans R9 [51 were prepared by inoculating 400 ml of prewarmed Todd-Hewitt broth containing 0.4% glucose (THBG) with 1 ml of an overnight starter culture grown unshaken in 10 ml of THBG at 37°C. Each culture was incubated for 16 h at 37°C unshaken and harvested in the late exponential growth phase by centrifugation at 5000 X g for 10 min. The pellet was washed twice in ice cold 1% KCl/ 1% peptone (w/v) (KCl/P) before resuspending in 100 ml of ice cold KCl/P. This final suspension was kept on ice. Triplicate 1 ml samples were centrifuged at 12000 X s, the pellets dried overnight at 1 10°C and weighed to determine the mean dry weight of cells per ml.
Acid production and inhibition
Aliquots (9 ml) of bacterial suspension were placed in the pH stat (Metrohm) at pH 7.0 and allowed to metabolise endogenous substrate, pH being maintained by addition of 0.01 mol 1-l KOH. Starvation was determined when addition of KOH ceased. The starved suspension was then adjusted to the required pH. Acid production was initiated by adding 0.2 mmol 1-l glucose solution to give initial concentrations of 25-500 pmol 1-l and the reaction followed by recording the addition of 0.01 mmol 1-l KOH required to maintain the pH.
The effects on acid production of varying [H+l, varying concentrations of undissociated lactic acid (0.5-2.75 mmol l-'> at pH 5.5 and acetic acid (l-6.0 mmol I-' > at pH 6.0, on the initial rates of acid production were studied.
[H+] was varied by adding 0.1 mol 1-I HCI. Acetic and lactic acid concentrations were varied by adjusting the total acetate or lactate to 25-100 mmol I_ '
Initial rates were plotted against initial glucose concentration and curves fitted to the MichaelisMenten equation using FigP software (Biosoft, Cambridge) . The values of V,,, and apparent K, (K,,,) determined at different inhibitor concentrations were used to calculate dissociation constants for competitive inhibition, K,, and for uncompetitive inhibition, Ki, [6] . For lactic and acetic acids, the inhibitor concentrations were the concentrations of the undissociated acids, calculated using pK values of 3.87 (lactic acid) and 4.76 (acetic acid), appropriate for 37°C and ionic strength of 0.1.
Rel,ersibility of inhibition
After completing each experiment, which lasted 20-60 min, the pH of the cell suspension was returned to pH 7.0 by addition of 0.1 mol I-' KOH. At pH 7, lactic and acetic acids are almost completely dissociated and are not inhibitory [4] . The \&',,, for acid production at pH 7.0 was then measured and compared with that of a control suspension which had not been subjected to end-product inhibition. Reversibility was defined as the ratio of the experimental and control V,,, (pH 7.0), expressed as a percentage. 2.4. Viahilit?
Samples (100 ~1) of 106-fold dilutions of cell suspensions were spread on Todd-Hewitt (+0.4% w/v glucose) agar plates. Plates were incubated 150 1 Table I Single classification analysis of the reversibility data in Fig. I anaerobically at 37°C overnight and the number of colony forming units per ml (cfu/ml> determined. Viability was defined as the ratio of experimental to control counts, expressed as a percentage. Paired means were compared by single-olassification analysis of variance with unequal sample size (confidence level P < 0.05) by the GT2 method [7] for both the reversibility and viability experiments. Inhibition by both lactic and acetic acids produced partially reversible inhibition (Fig. la,b) . Reversibility decreased with increasing concentration of inhibitor. For both acids, reversibility was significantly reduced at all concentrations ( P < 0.0 1; Table 1 a.b).
Results
NS
Inhibition by H+ was fully reversible at concentrations up to 37.5 pmol I-' (pH 2 4.5) (Fig. lc) but reversibility was significantly reduced at 63.1 pmol I -' (pH 4.2) ( Table 1 cl.
Lactic and acetic acid treatments also caused reduced viability with increasing inhibitor concentration (Fig. 2a,b) . Viability was significantly less than the control at all concentrations (P < 0.01; Table   2a ,b). Reduced pH caused a statistically significant Table 2 Single classification analysis of viability data in Fig. 2 b. reduction in viability only below pH 4.5 (Fig. 2c , Table 2~ ). Reversibility was strongly correlated with decreasing viability after both lactic acid inhibition and acetic acid inhibition (Fig. 3a,b) , but less strongly after Hf incubation (Fig. 3c) probably because of the low inhibitor concentration where effects are small and thus estimates are subject to greater error. In all cases a proportion of the variability in viability and reversibility results was probably due to the variation in the length of time (20-60 min) exposed to inhibitor.
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Discussion
Only undissociated lactic and acetic acids, not the lactate or acetate anions [4] , cause inhibition, probably because only the protonated species can be transported across the cytoplasmic membrane [S] . In contrast to the previous study [4] both lactic and acetic acids gave mixed inhibition.
Normally, export of lactic acid by metabolically active cells under conditions of carbon excess helps prevent acidification of the cytoplasm. Inhibition of this export by either lactic or acetic acid probably accounts for the competitive part of the mixed inhibition seen here. The lower K, value for lactic acid suggests that the transport system has a higher affinity for lactate, but the fact that inhibition by acetic acid is partly competitive supports the concept of a common excretory system for acid end-products [4, 8] . Inhibition of acid export under feast conditions will thus lead to the acidification of the cytoplasm due to reduced export by the H+/lactate symporter as well as intracellular accumulation of lactic acid. The uncompetitive component of the inhibition by both lactic and acetic acids is most likely due to this acidification of the cytoplasm. This is supported by the almost identical values of K,, for the two acids, and the finding that increased external [H+] alone gives purely uncompetitive inhibition. Glycolysing cells can maintain an internal pH = 7.0 when external pH is between pH 5.0 and 7.5. At lower external pH, the internal pH falls. for example to around pH 5.0 at an external pH of 4.0 [9,101. If the internal pH is lowered below 5.0 then no glycolysis occurs [l I]. This is most likely due to the pH sensitivity of enolase. which has an optimum pH of 7.7, and shows a greatly reduced activity at lower pH values [12] . Full reversibility was seen for cells inhibited at pH 2 4.5. Under these conditions the internal pH would be above pH 5.0 [IO] , and the cells would be glycolytically active and could produce ATP, essential maintaining the pH gradient by active proton extrusion [ 10,13-151 and other vital processes. Reversibility was correlated with viability. Hence impaired reversibility was caused by cell death. The correlation was strongest for acid end-product inhibition. This is consistent with evidence that extracellular lactic acid increases the death rate of streptococci in chemostat studies [ 161. Cell death could be due to the collapse of the transmembrane pH gradient or to the cytotoxicity of glycolytic intermediates, endproducts or both. From data for whole plaque [3], we calculate [ 171 that, following exposure to sucrose in vivo. the average concentrations of undissociated acetic and lactic acid rise to 3 and 1 mmol 1-I respectively. These concentrations would be sufficient to cause end-product inhibition and reduced reversibility and viability. The results suggest that in vivo the acid producing capacity of S. mutans in plaque may be impaired following exposurt? to dietary carbohydrate, so that its contribution to pH reduction on subsequent ingestion of carbohydrate may be may reduced.
